B
acterial vaginosis (BV) is a common medical syndrome that is typically associated with a shift in the vaginal flora from a homogeneous, lactobacillus-dominated state to a heterogeneous state containing a complex population of anaerobic and microaerophilic organisms (6, 13) . Symptoms of BV include thin, whitish-gray discharge with an unpleasant odor, and this condition is associated with upper genital tract infections, pelvic inflammatory disease, adverse pregnancy outcomes, and an increased risk of sexually transmitted infections (6, 13, 15, 24) . The precise pathophysiology and epidemiology of BV, as well as the optimal medical management of the condition, are far from clear, with much of this lack of understanding occurring as a direct result of the difficulty in establishing a diagnostic standard for the syndrome (3) .
Conventional microbiological approaches have only limited utility in evaluating patients for BV. Since the hallmark of the condition is a complex perturbation of the normal vaginal microflora, culture-based identification of single "marker" organisms lacks both sensitivity and specificity. Many putative BV-associated organisms, such as Gardnerella vaginalis, Mobiluncus spp., Mycoplasma hominis, and Bacteroides spp., can comprise variable fractions of the vaginal microflora in women without clinically defined BV, compromising the specificity of culture-based testing (21) . In addition, many of the key organisms associated with BV are obligate anaerobes and are either difficult to recover or unrecoverable using conventional culture methods, which makes a true evaluation of vaginal microflora by culture impossible (9, 18) .
The syndrome of BV was first characterized using clinical criteria and simple laboratory tests applied to vaginal samples (1) . Together, this constellation of evaluations became known as the "Amsel criteria." A diagnosis of BV requires that at least 3 of 4 Amsel criteria be positive (abnormal gray discharge, pH of Ͼ4.5, a positive amine test, and presence of epithelial "clue" cells). Although generally regarded as a relatively specific method for identifying patients with BV, Amsel scoring requires considerable clinical acumen and has been demonstrated to be relatively insensitive (17) . A more accurate approach to BV diagnosis was proposed in the early 1990s (17) and involved the use of semiquantitative evaluation of vaginal microflora (0 to 3, normal; 4 to 6, intermediate; and 7 to 10, abnormal) based on observation of different bacterial morphotypes in Gram-stained preparations of vaginal samples. This so-called "Nugent score" (NS) or a simplified variant of it, the "Hay-Ison score" (14) , has since become accepted as the de facto gold standard for BV diagnosis (12, 23) . Many of the key morphotypes are, however, difficult to differentiate from noncontributory organisms of similar appearance, and interpretation of the slide is inevitably somewhat subjective. In addition, quantitative Gram stain examination is laborious and impractical for routine clinical use, and intermediate scores of uncertain clinical significance are reported in 10 to 25% of samples tested (4, 22) .
The use of a variety of DNA-based analysis tools, such as broad-range and quantitative PCR (qPCR), has identified novel bacteria associated with BV while also providing more objective, quantitative measures of bacterial presence (7-9, 13, 18, 22, 25) . It has also enabled a greater awareness of the complexity of microflora alterations underlying BV and provided more probative tools for developing improved diagnostic tests. A number of studies have been published describing the use of quantitative or semiquantitative PCR methodologies for diagnosing BV (2, 5, 8, 10, 11, 16, 19, 20, 22) . The precise identities of the marker organisms used in these studies differ, as do the cutoff values described as optimal for differentiating abnormal samples from normal samples, and there is as yet no unified approach to using PCR technology for BV diagnosis. There is, however, a recognition that the use of multivariate analysis of the quantity (as determined by nucleic acid amplification) of a set of BV-associated marker organisms present in vaginal samples represents the best approach to obtaining a truly objective and accurate option for diagnosing women with this condition (3, 5, 11) .
The current study describes the development and subsequent validation of a BV PCR construct that builds on the foundational framework established in previous studies. By analyzing the presence and concentrations of a number of well-recognized BV-associated marker organisms, a construct was established that permits molecular diagnosis of BV to be performed in the clinical laboratory setting using a combination of two relatively simple and robust PCR assays. A comparative analysis of the results of testing vaginal samples using this construct with designation of samples based on a combination of Nugent and Amsel criteria is presented.
MATERIALS AND METHODS

Patient population.
A total of 402 women presenting for clinical evaluation at either the Sexually Transmitted Diseases Clinic, Jefferson County Department of Public Health (JCDH), Birmingham, AL (n ϭ 299), or the Personal Health Clinic (PHC), University of Alabama-Birmingham, Birmingham, AL (n ϭ 103), between April and October 2011 were enrolled in the study. All enrollees were Ͼ18 years of age and had not received antibiotics or used vaginal medications for at least 14 days prior to enrollment. The median age of the participants was 25 years (range, 19 to 67 years); 87.1% (350/402) of enrollees were African-American, 12.7% (50/402) were White non-Hispanic, and 0.2% (1/402) were Asian-American. Evaluations could not be completed for 6 enrollees; thus, results for a total of 396 patients were available for data analysis.
Sample collection. After informed consent was obtained, a series of vaginal samples were obtained to enable comprehensive evaluation of patients for markers of vaginosis (bacterial, Candida spp., and Trichomonas vaginalis) and to enable testing for Chlamydia trachomatis and Neisseria gonorrhoeae. This sample series consisted of a vaginal swab that was utilized for Gram stain preparation and subsequently placed in an Affirm VPIII transport system (Becton Dickinson, Sparks, MD), 2 ESwab (Copan Diagnostics Inc., Murrieta, CA) collections for culture and confirmatory Gram stain evaluation, and 2 Aptima vaginal swab collections (GenProbe Inc., San Diego, CA) for nucleic acid amplification testing.
Conventional diagnostic assessment. Vaginal secretions were collected and evaluated in the respective clinics according to the Amsel criteria (1). These criteria form a basis for differentiating BV from other etiologies of vaginosis, and the presence of 3 of the following 4 criteria is considered presumptive evidence of BV: a positive "whiff test" ("fishy" odor from KOH-treated wet-mount material); the presence of clue cells upon microscopic examination; a vaginal pH value greater than 4.5; and thin, whitish, homogeneous discharge. Vaginal samples were also evaluated by quantitative Gram staining at the University of Alabama-Birmingham, as previously described (17) . In brief, swabs were rolled across glass microscope slides, air dried, and then fixed in methanol prior to Gram staining. The stained preparations were then examined for specific bacterial morphologies, and Nugent scores (range, 0 to 10) were generated. An NS of 0 to 3 is interpreted as normal or negative for BV, a score of 7 to 10 as abnormal or positive for BV, and a score of 4 to 6 as intermediate for BV. To enable categorization of all samples analyzed in the study as positive or negative for BV, samples with intermediate NSs that met the Amsel criteria for BV were considered BV positive and samples with intermediate NSs that failed to meet the Amsel criteria for BV as BV negative.
Nucleic acid isolation. Nucleic acid was extracted from vaginal swab suspensions (Aptima collection system) using the MagNA Pure LC Total Nucleic Acid Isolation Kit on MagNA Pure LC instruments (Roche Applied Science, Indianapolis, IN), following the manufacturer's instructions. Prior to extraction, DNA Sample Processing Reagent (DNA-SPR) (EraGen Biosciences, Madison, WI; 5 l) was added to each specimen. SPR contains a proprietary, extractable DNA target that is used as an internal control in PCR assays to monitor recovery of nucleic acid and elimination of PCR inhibitors through sample preparation. Nucleic acid was eluted in a final volume of 50 l and either analyzed immediately or stored at less than Ϫ20°C and analyzed within 7 days. qPCR assays. Primer designs were developed for each of the 5 initial target organisms (Atopobium vaginae, Bacterial Vaginosis-Associated Bacterium 2 [BVAB-2], G. vaginalis, Lactobacillus crispatus, and Megasphaera-1) based on in silico analysis of published 16S rRNA gene sequences (Table 1 ) and were screened for multiplex compatibility and lack of cross-reactivity. To determine the exclusivity of amplification, a panel consisting of high concentrations of the following organisms was tested: GCT GCC CAC TTT CAT GAC TT 1388
a FAM (5-carboxyfluorescein) is used as the reporter dye and is coupled to the initial 5= nucleotide in the primer. isodC, 2=-deoxy-5-methyl-isocytidine is the initial nucleotide at the 5= end of the fluorescently labeled primer. (20), with confirmation of amplification of the desired product accomplished postamplification via determination of peak melting temperatures (T m ) of the amplified product. One member of each primer pair thus contained a 2=-deoxy-5-methyl-isocytidine (iC) base coupled to a fluorescein moiety immediately proximal to the 5= terminus of the molecule. To enable quantitative measurement of the respective analytes, synthetic oligonucleotide Ultramers (Integrated DNA Technologies Inc., Coralville, IA) were used to construct calibrating material. Each Ultramer contained the target sequence of one of the intended analytes, and quantitative analytical data provided by the manufacturer were used as the basis for value assignment (in DNA copies) of these materials. All qPCR assay runs included a set of 3 ultrameric calibrators, and inter- Following addition of 5 l of extracted nucleic acid to each reaction mixture (obtained as described in Materials and Methods), amplification was performed using a RotorGene Q instrument. The amplification parameters were as described for the qPCR assays, except that only 40 cycles of amplification were performed prior to the postamplification melting analysis, because of the lack of a requirement for low-end sensitivity based on analysis of qPCR results. Positive samples were identified based on the generation of C T values during amplification and appropriate product peak T m signatures in postamplification analysis. Median peak T m values for the respective amplicons were as follows: A. vaginae, 80.4°C; IC, 79.0°C; BVAB-2, 79.7°C; Megasphaera-1, 79.1°C. The peak T m values for amplicons were required to be within 1°C of values generated by the positive control for the appropriate analyte on each individual assay run for the result to be considered positive. Each BV PCR run contained 2 ultrameric calibrators (Cal-1 and Cal-2) for the A. vaginae reaction (set at 7.0 log 10 copies/ml for Cal-1 and 5.5 log 10 copies/ml for Cal-2), 2 ultrameric calibrators for the BVAB-2 reaction (set at 6.0 log 10 copies/ml for Cal-1 and 4.5 log 10 copies/ml for Cal-2), and a single ultrameric calibrator for Megasphaera-1 (set at 6.0 log 10 copies/ml). The number and concentration of these cutoff calibrators were established based on analysis of frequency distributions of analyte concentrations obtained during qPCR testing of the developmental sample set (see Results). Each MagNAPure extraction tray contained an Aptima swab collection fluid sample as a negative control and a positive control manufactured from known-positive samples and required to generate a C T value within a defined range for each of the 3 analytes. Appropriate amplification of the IC amplicon served to ensure the elimination of PCR inhibitors and recovery of nucleic acid through sample preparation. Upon completion of testing, the results were exported into a Microsoft Excel worksheet for scoring according to the scheme shown in Table 2 . Composite scores (sums of 3 individual analyte scores) were then compiled, and the final interpretation was generated as follows: BV negative, scores of 0 to 1; BV indeterminate, score of 2; BV positive, scores of 3 to 6. assay development phase samples are shown in Table 3 . All 4 of the previously reported positive marker organisms were, as expected, frequently present in samples designated BV positive (Table 3) .
RESULTS
Sample
Using an assay cutoff value of 1 ϫ 10 3 copies/ml, 98.1% (106/108) of BV-positive samples were positive for G. vaginalis, 98.2% (106/ 108) for A. vaginae, 89.8% (97/108) for BVAB-2, and 87.0% (94/ 108) for Megasphaera-1. The frequencies with which these organisms were found in BV-negative samples differed significantly, however, with 60.7% (37/61) of such samples being positive for G. vaginalis, 52.5% (32/61) for A. vaginae, 18.0% (11/61) for BVAB-2, and 16.4% (10/61) for Megasphaera-1. Analysis of the distribution of quantitative values also demonstrated significant differences in organism concentrations in BV-positive and -negative sample populations ( Table 3 ). The median concentrations observed in BV-positive and -negative populations differed by 3.5 log 10 copies/ml for G. vaginalis, 3.8 log 10 copies/ml for A. vaginae, Ͼ3.1 log 10 copies/ml for BVAB-2, and Ͼ3.9 log 10 copies/ml for Megasphaera-1. The sole negative marker organism evaluated, L. crispatus, demonstrated a relatively low positivity rate in the study population, with only 37/169 (21.9%) samples having Ͼ1 ϫ 10 3 copies/ml of the organism. The positivity rate for L. crispatus in BV-positive samples was significantly lower than that observed in BV-negative samples (10.2% versus 42.6%; P Ͻ 0.01); however, a majority (57.4%) of BV-negative samples in the population lacked detectable levels of the organism.
Statistical analysis of qPCR data. The results obtained by qPCR analysis indicated that no single marker organism could reliably differentiate BV-positive from BV-negative samples. G. vaginalis and A. vaginae each demonstrated high sensitivity, but limited concentration discrimination between the 4th quartile of the negative population and the 1st quartile of the positive sample population compromised specificity (Table 3) . BVAB-2 and Megasphaera-1, in contrast, demonstrated lower overall sensitivity but greater concentration discrimination between positive and negative populations. In order to objectively determine which combination of 2, 3, or 4 markers provided the optimal approach for further assay development, logistic regression analysis (MedCalc Software Suite) was performed on all marker combinations using the 169 development phase sample results ( Table 4 ).
The BV status of the patients, based on NS plus Amsel criteria, was used as the dependent variable (negative ϭ 0, positive ϭ 1), and the qPCR results of the combinations of marker organisms were used as the independent variable. The results of this analysis demonstrated that combinations of 3 marker organisms, either A. vaginae/BVAB-2/Megasphaera-1 or G. vaginalis/BVAB-2/Megasphaera-1, appeared to offer the optimal combination of sensitivity and specificity, with both parameters exceeding 90% for these combinations ( Table 4) . Inclusion of results obtained by qPCR for the putative negative predictive marker organism, L. crispatus, in the logistic regression models did not impact the sensitivity or specificity of either of the optimal 3-marker combinations (results not shown). This was entirely expected, given the low rate of detection of the organism in the developmental sample set. The combination of PCR tests for A. vaginae, BVAB-2, and Megasphaera-1was selected for development of the diagnostic assay construct. This selection was made, at least in part, because of a concern over possible misinterpretation of the significance of results reported for G. vaginalis. The organism has an extensive history of being utilized as a standalone marker for BV diagnosis, and its mere identification in the final test report might be misconstrued by users of the test as indicating the presence of BV. Since such a conclusion is not supported by our data, and given that this risk can be entirely eliminated by including A. vaginae as a high-sensitivity, low-specificity marker, the combination of A. vaginae, BVAB-2, and Megasphaera-1 was chosen for the BV PCR construct.
BV PCR assay construct. To assist in the creation of a simple, interpretive, test for BV based on the data generated by qPCR analysis, frequency distributions of the values generated by qPCR for the 3 selected marker organisms (A. vaginae, BVAB-2, and Megasphaera-1) were compared to designation of samples by NS (Fig. 1) . Breakpoint values were selected that best differentiated sample populations by correlating qPCR values with high, intermediate, and low NSs. For A. vaginae and BVAB-2, the breakpoint value delineating the high population was selected to discriminate NS-positive from NS-negative samples with high specificity (Fig. 1a and b) , with the assumption that samples containing concentrations of either analyte in excess of that threshold would b Samples that generated qPCR values below the lower limit of quantitation of the respective assays (1,000 copies/ml) were considered negative.
likely be scored BV positive based on NS alone. Since a significant subset of NS-positive and -intermediate samples contained concentrations of A. vaginae or BVAB-2 lower than that delineated by the high breakpoint concentration; however, a second medium breakpoint was also selected. The interbreakpoint population for A. vaginae and BVAB-2 contained samples belonging to all 3 NS categories, and thus, it was envisaged that multiple analytes generating values in this medium range would be required to define a sample as BV positive. For Megasphaera-1 (Fig. 1c) , it was not possible to create a medium category because of the sharp breakpoint associated with the transition from low to high qPCR values; thus, only a single breakpoint was utilized to differentiate NSpositive from -intermediate or -negative samples. Each category was then assigned a numerical value for each marker, from 0 to 2 (Table 2) , and the composite value of the 3 organism scores was compared to the previously determined BV designations of the samples (Table 5 For the purposes of the validation study, it was decided to designate only samples with composite scores of 2 as indeterminate, since this score required the presence of any of the 3 marker organisms at high concentration, or at least 2 of them (A.vaginae and BVAB-1) at moderate concentration, findings clearly not representative of a population with normal vaginal flora, even though only a subset of these samples could be classified as BV using conventional test methods. Samples generating a composite score of 1 were designated negative pending the generation of further data, with the expectation that the inclusion of more BV-negative samples in the final validation sample set would enable a definitive conclusion about the appropriateness of this categorization. After excluding samples generating a score of 2 from the final analysis, the predicted sensitivity and specificity of the BV PCR construct for the remaining 161 samples were 93.3% (98/105) and 92.9% (52/56), respectively, with an indeterminate rate of 4.7% (8/169). BV PCR assay validation. Following the establishment of the BV PCR assay construct, the final assay design was formulated as described in Materials and Methods, utilizing a multiplex approach to analyze samples for the presence of the 3 target markers. Incorporation of nucleic acid calibrators in each run, at the concentrations determined by qPCR analysis to be most probative in differentiating populations of samples, enabled categorization of samples without the need for fully quantitative PCR analysis. The development phase samples were reanalyzed using this prototype BV PCR assay, and the results are shown in Table 5 , with the interpretive assignment of results shown in Table 6 . These results were highly congruent with those obtained by analyzing the individual qPCR assay results, with only 5 of 169 samples (2.9%) generating categorically different results. These changes resulted in 1 additional BV-positive sample being classified as positive by BV PCR, 1 additional BV-negative sample being classified as negative by BV PCR, 2 BV-negative samples moving from an indeterminate to a negative PCR score, and 1 BV-positive sample moving from a positive to an indeterminate PCR score. Overall, therefore, 162/169 (95.9%) samples generated interpretable composite PCR scores in the BV PCR assay construct, with the sensitivity of the assay being 94.2% (98/104) and the specificity 94.8% (55/58). To confirm and extend these preliminary findings, an additional 227 samples were evaluated in the BV PCR construct. As described in "Sample characteristics" above, a substantial minority of these samples were collected at the lower-prevalence PHC location; thus, the overall prevalence of BV in this sample set was 48.5% as opposed to the 64.5% in the initial development phase sample set. The score assignments generated by BV PCR testing of these samples are shown in Table 5 , and the interpretive results in Table 6 . The results obtained for these samples were largely comparable to those obtained for the developmental sample set and supported the scoring system created from the development phase results. Of the 227 samples in the validation sample set, 14 (6.2%) yielded a composite score of 2 and were thus deemed indeterminate for BV, of which 9 were BV-negative samples and 5 were BV-positive samples. In total, 21 samples tested generated a BV PCR score of 2; 9 (42.9%) of these were BV-positive samples, and 12 (57.1%) were BV-negative samples (Table 5) , supporting the use of indeterminate as a categorical designation for specimens generating this composite PCR score. Of the 213 samples that generated an evaluable PCR score in the validation sample set, 104 of 105 (99.0%) BV-positive samples generated a positive PCR score and 98 of 108 (90.7%) BV-negative samples generated a negative score. Of the 17 samples in the validation sample set that generated a composite PCR score of 1, only 1 was a BV-positive sample (Table 5) , confirming the appropriateness of categorizing samples with this score as BV negative. Analysis of the entire 396 member data set, therefore, demonstrated that the BV PCR assay had a sensitivity of 96.7% (202/209), a specificity of 92.2% (153/ 166), a positive predictive value of 94.0%, and a negative predictive value of 95.6%, with an indeterminate rate of 5.3% (21/396).
DISCUSSION
The present report describes the development and validation of a multianalyte, semiquantitative PCR assay for the diagnosis of BV. Although previous studies have demonstrated the potential value of using multiple molecular markers either qualitatively or quantitatively for diagnosing this condition (5, 8, 10, 16, 19, 22, 25) , the assay described here is the first to provide a simple, readily interpretable corollary to a unified gold standard definition for BV diagnosis, combining the NS and Amsel criteria. The definition of BV positivity utilized in this study was necessary because use of NS alone results in a significant minority of samples (10 to 20%) being designated intermediate. Such samples clearly are atypical but are insufficiently aberrant to be deemed indicative of BV without supplemental patient-specific information (17, 21 Analysis of data generated from the individual PCR results demonstrated findings similar to those reported by previous investigators (5, 10, 11, 16, 22, 25) . Both A. vaginae and G. vaginalis were highly sensitive markers for BV (5, 7, 10, 16, 25) . In our study, they were found in 98.2% (106/108) of BV-positive samples in the development phase sample set (Table 3 ), but their utility as individual markers was limited by the frequency with which they were identified in samples from patients not classified as BV positive: A. vaginae in 53.3% and G. vaginalis in 60.0% (Table 3) . Consistent with the findings of Fredricks et al. (10) , BVAB-2 and Megasphaera-1 were somewhat more specific indicators of BV positivity than either G. vaginalis or A. vaginae, but at least one of these organisms was present in 24.6% (15/61) of BV-negative study subjects. We did not find that simple qualitative analysis of any individual positive predictive marker or combination of such markers was sufficiently accurate to be of value as a diagnostic assay for BV, since no combination generated sensitivity and specificity parameters of Ͼ90% in the development phase sample cohort. This contrasts with the findings of Dumonceaux and colleagues (5), who somewhat surprisingly reported a reasonable specificity for BV using a qualitative combination of A. vaginae and G. vaginalis in a small cohort of patients. This combination of organisms yielded the lowest specificity of any pair of analytes in our study (77%) ( Table 4) , and our findings were consistent with those of other investigators who have reported these markers to be sensitive but not qualitatively specific for BV (10, 25) . Fredricks et al. (10) , reported that qualitative detection of either BVAB-2 or Megasphaera-1 was highly sensitive and specific compared to either NS or Amsel criteria. Our data indicate that this combination also lacks a high level of specificity, even if only samples with NS values of Ն7 are considered positive and intermediate NS samples are excluded from analysis. Of the 47 samples in the development phase cohort with NSs of Յ3, 9 (19.1%) had positive results for either BVAB-2 (2 samples), Megasphaera-1 (4 samples), or both organisms (3 samples), using a threshold for positivity of 1 ϫ 10 3 copies/ml. The performance of this combination using only the Amsel criteria for BV designation was even less impressive, with 26/72 (36.1%) Amsel-negative samples in the development phase cohort having either Megasphaera-1 or BVAB-2 DNA detected. These results were somewhat surprising, given that the median 
